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Abstract
Graphene ripples possess peculiar essential properties owing to the strong chemical
bonds, as an investigation using first principle calculations clearly revealed. Various
charge distributions, bond lengths, energy bands, and densities of states strongly de-
pend on the corrugation structures, ripple curvatures and periods. Armchair ripples
belonging to a zero-gap semiconductor display split middle-energy states, while the
zigzag ripples exhibit highly anisotropic energy bands, semi-metallic behavior impli-
cated by the destruction of the Dirac cone, and the newly created critical points.
Their density of states exhibit many low-lying prominent peaks and can explain the
experimental measurements. There exist certain important similarities and differ-
ences between graphene ripples and carbon nanotubes.
* Corresponding author. Tel: +886-6-2757575-65272
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1. Introduction
Two-dimensional graphene has attracted considerable attentions in the fields of chem-
istry, material science and physics, [1–5] and various studies have been conducted on its elec-
tronic, [1,6] transport, [7,8] and magnetic [9,10] properties. Graphene is viewed as a high-
potential electronic material, because of its fascinating properties, extremely high mobility
of charge carriers, [11, 12] and the anomalous quantum Hall effect. [13–15] Its electronic
properties can be tuned by the curvature of the structure, [16–18] the layer numbers, [19]
the stacking configurations, [20] the uniform or uniaxial mechanical strains, [21, 22] and
the application of external electric and magnetic fields. [23–25] The natural non-uniformly
corrugated structure of graphene can lead to certain peculiar changes in the electronic
properties. [26, 27] The 2D graphene ripple, a uniform corrugated structure, has been the
focus in surface science and material chemistry. [28–30] It is also expected to have a high
potential applications in electronic devices and energy storages. This work investigates
in detail for how the unique corrugated structure with various configurations induces the
feature-rich electronic properties in graphene ripples (GRs).
Graphene-related materials with curved structures are successfully produced in labora-
tories, such as rippled, [28–30] bubbled, [31–33] scrolled, [34,35] and folded systems. [36,37]
These systems can exhibit complex chemical bondings on the curved surface, and thus ex-
hibit unique electronic spectra. The larger electronic orbitals on the outer side of the
curved surface are suitable to adsorb atoms, for example, oxygen, hydrogen and lithium
atoms. [38–41] Chemical doping on a curved structure might be more stable than on a pla-
nar one. Such curved environments are promising for potential application in future oxide
semiconductors, hydrogen storage, and lithium batteries. We persue the full understanding
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of the curvature effects associated with a non-uniform charge distribution on the essential
physical and chemical properties. These will play a critical role in the graphene-based
application engineering.
A systematic study either theoretically or experimentally on graphene ripples’ intri-
cate electronic properties is needed. Previous theoretical research studies, mostly used the
effective-mass model to deal with ideal GRs with an extremely rigid jump structure, [42–45]
but few have been based on first principle calculations with self-consistent optimal struc-
tures. [46] Instead, they mainly focused on is only on the effective magnetic fields or quasi-
Landau levels. However, the longitudinal structures, the ratio of height and width, and
periods were not taken into consideration, and the complete discussions on the band struc-
tures, density of states (DOS), and charge distributions are still incomplete. On the other
hand, graphene ripples have recently been successfully grown on Rh(111) via the CVD pro-
cess. [28,29] Some of the results from scanning tunneling spectroscopy (STS) measurements
exhibit low-lying peaks in the dI/dV -V diagram. [28] In terms of the relationship between
the peaks and the effective quantum numbers, it is not clear which ripple structure is the
one responsible. The dispersions of energy bands which contribute to the quasi-Landau
levels have not yet been identified.
In this paper, the geometric and electronic properties of the zigzag and armchair ripples
are investigated in detail by first principles calculations. Among the two kinds of archiral
structures, two basic types of electronic structures could be obtained, which could be
further modulated by varying the ratio of height and width of ripples, and ripple periods.
We seek to understand how many kinds of low-lying energy dispersions are exhibited, and
how they are influenced by the geometric structures, including the presence or the absence
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of the Dirac cone, the curvature-induced two-dimensional highly anisotropic energy bands,
and the association between the newly formed band-edge states and critical points. The
curvature effects on low-energy band structures are studied thoroughly by analysis of the
complex pi and σ bondings. A comparison between GRs and carbon nanotubes is worth
making since both are periodic systems. Moreover, how the change of rotational symmetry
affects the middle-energy electronic properties is carefully examined. All the predicted
band structures are further reflected in various feature-rich DOS. These characteristics in
DOS could explain the previous experimental STS measurements; [28] in the meantime, we
also anticipate some new features which will be further validated. The predictions of the
anisotropic band dispersions could be further measured by angle-resolved photoemission
spectroscopy (ARPES). [47, 48] As expected, these rich fundamental features in graphene
ripple structures can provide potential applications in energy materials or electronic devices.
2. Methods
Our first-principles calculations are based on the density functional theory (DFT) imple-
mented by the Vienna ab initio simulation package (VASP). [49] The generalized gradient
approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) form are chosen for the DFT
calculations, and the projector augmented wave (PAW) is utilized to describe the electron-
ion interactions. A vacuum space of 10 angstroms is inserted between periodic images to
avoid interactions, and the cutoff energies of the wave function expanded by plane waves
were chosen to be 500 eV. For calculations of the electronic properties and the optimal
geometric structures, the first Brillouin zones are sampled by 100× 100× 1 and 12× 12× 1
k -points by the Monkhorst-Pack scheme. The convergence of the Helmann-Feymann force
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is set to 0.01 eV A˚
−1
.
3. Results and discussion
To determine the optimal geometric structures, we calculate the graphene ripples in
different longitudinal structures, ratio of height and width, and periods. Based on the
structure along the periodically corrugated direction, graphene ripples come in two classical
types: an armchair graphene ripple (AGR) and a zigzag graphene ripple (ZGR), as shown
in Figs. 1a and 1b. The period length (l) is characterized by the number (Nλ) of zigzag
lines (for AGR) or dimer lines (for ZGR) along the y-direction within a period. The ratio
of height and width Cr, defined as the ratio of squared height to width (h
2/lb), is the main
factor in determining the geometric and electronic properties, where h is the amplitude of
the ripple and b is the C-C bond length, as shown in Fig. 1c. 3. In our calculation, ripples
with various period length l’s are modelled as sinusoidal graphene ripples. We change the
amplitude and frequency of sine wave to obtain different Cr’s. When Cr is too large, the C-C
bond breaks at the crest or though of the ripple after the calculation. With an the increase
of Cr, the changes in the C-C bond lengths at the crests and troughs are greater than those
at the other regions. Such bond lengths are very sensitive to the longitudinal structure,
where the zigzag ripple has three different nearest C-C bond lengths, while armchair ripple
only has two. For Nλ = 6 AGR and Nλ = 5 ZGR, the largest bond length changes with the
same Cr at the crests and troughs are 1.2% and 7.9%, respectively, meaning that the latter
has a more seriously deformed structure. The variations of bond lengths result in different
nearest-neighbor hopping integrals, [50, 51] and thus further impacts the low-lying energy
bands. The effects of curvature brings about the misorientation of the 2pz orbitals and the
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orbital hybridization of (2s,2px,2py,2pz), and therefore significant changes in the pi and σ
bondings can be observed. It is also noticed that the critical Cr, namely the largest ratio
of height and width of a stable graphene ripple, grows with increasing Nλ. The highest Cr
of Nλ = 6 AGR (Nλ = 5 ZGR) is 0.68 (0.27), but it can reach 1.56 (1.33) in the ripple
period Nλ = 12 (Nλ = 11). The reduction in mechanical bending force can be attributed
to an increasing Cr at a larger period. In addition to the above-mentioned curvature
effects, a ripple only has a two-fold rotational symmetry along a specific direction, while
a 2D graphene sheet had a six-fold rotational symmetry. These dramatic changes in the
geometric symmetry are expected to play an important role in the electronic properties.
Graphene ripples exhibit very special electronic properties, being enriched by the ratio
of height and width, ripple periods, and longitudinal structures. We first discuss the flat
case (Cr = 0) of the armchair ripple, in which the electronic states are directly sampled
from those of a monolayer graphene, as shown by the black curve in Fig. 2a. Because
of the chosen rectangular unit cell, energy bands of monolayer graphene are folded into
a rectangular first Brillouin zone (FBZ) from its original hexagonal FBZ. Along the ΓY
direction, a pair of linearly intersecting bands cross the Fermi level (EF = 0) at [kx =
0, ky = 2/3] without degeneracy. A pair of similar linear bands also makes an appearances
in the direction perpendicular to ΓY through the Fermi-momentum state (inset in Fig.
2a). This linear and isotropic behavior identifies the presence of a Dirac cone structure,
and thus the intersection point is associated with the K point in the original hexagonal
FBZ. These states are extracted from the energy bands of monolayer graphene that satisfy
the periodic boundary condition. On the other hand, the low-lying energy bands along
ΓX reveal no Dirac cone. As to the middle-energy states (∼ ±2 eV), there exists a pair
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of parabolic bands with a double degeneracy along ΓY. The local minimum (maximum) of
the conduction band (valence band) along ΓY is the local maximum (minimum) along the
perpendicular direction; i.e., such points are the saddle points (M and M′ in the hexagonal
FBZ) in the energy-wave-vector space.
The curvature causes an armchair graphene ripple to change its electronic properties
dramatically at middle energy, but only subtly at low energy. The Dirac point still survives
at EF = 0 and the cone structure remains isotropic, as shown by Nλ = 6 AGR in Fig. 2a.
However, the Fermi momentum shifts toward smaller ky’s, and the Fermi velocity (the slope
of the linear bands) is slightly reduced. These variations are more significant under the
influence of an increasing ripple Cr, similar to those of armchair carbon nanotubes (Fig.
2a), discussed in detailed later. That the orientations of 2pz orbitals are no longer parallel
but instead misoriented, and that the 2s, 2px, and 2py orbitals are not in the same plane
account for the change of the low-lying energy states. [50] On the other side, the middle-
energy parabolic bands gradually split under higher Cr, and shift towards lower energies.
The change from a six-fold rotational symmetry into a two-fold one leads to the destruction
of the double degeneracy of M and M′. The ratio of height and width at which to start
the significant splitting of the saddle point starts is Cr = 0.09; it can easily be reached in
experimental measurements. [28]
The low- and middle-energy states are somewhat affected by the ripple period (Fig. 2b),
even when Cr is the same. Only the isotropic Dirac cone at EF = 0 is minimally affected
by a period variation. The Fermi momentum moves closer to ky = 2/3 at larger Nλ, and
its Fermi velocity is increased, since the misorientation effect of the 2pz orbitals and the
hybridization of all orbitals are reduced by the larger period. The splitting of the parabolic
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bands of the middle-energy saddle points can survive under different periods, meaning that
the depression of rotational symmetry is non-negligible. The weaker band splitting in a
larger period is attributed to the smaller changes of the C-C bond lengths. In addition,
the Fermi momentum under a sufficiently large period (Nλ ≥ 22) approaches ky = 2/3.
The longitudinal structures lead to feature-rich electronic properties. The low-energy
bands of the zigzag ripple exhibit three kinds of energy dispersions: isotropic linear bands,
partially flat bands, and parabolic bands, all of which exhibit a strong dependence on Cr,
namely low-, middle-, and high-curvature ranges (Cr ≤ 0.09, 0.09 < Cr < 0.19; Cr ≥ 0.19).
At a low Cr, the low-lying isotropic linear bands cross with EF = 0 at the Fermi momentum
[kx = 3/5, ky = 0], as indicated by the Nλ = 5 zigzag ripple in Fig. 3a. A larger Cr is
responsible for a partially flat band at about 0.4 eV (blue curve in Fig. 3b at Cr = 0.10).
Closely associated with this energy dispersion are the specific carbon atoms at the ripple
crests and troughs; their contributions are represented by the gray circle radius in Fig.
3b. Such band do not disappear until Cr is at least Cr = 0.19. However, two low-lying
parabolic bands come into existence, as indicated in Figs. 3c and 3d at Cr = 0.19 and
0.27. They are dominated by the carbon atoms at the crests and troughs of the ripple,
whose contributions are represented by the radii of the gray and black circles, respectively.
The dramatic creation and destruction of energy bands are caused by a seriously deformed
geometric structure, since the effects of the 2pz misorientation and the orbital hybridization
are largely enhanced. In addition, the middle-energy parabolic bands gradually split and
move towards a higher energy under a larger Cr (Fig. 3e); thus can be ascribed to the
broken rotation symmetry.
The low energy band structures of ZGR are further enriched by varying the periods.
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When Nλ grows in the manner 5→, 7→, 9→, 11, the quasi-stable graphene ripples have
the critical Cr’s 0.27, 0.55, 1.17, 1.33, respectively. The energy dispersions along ΓX show
drastic changes, and more critical points emerge. Besides the above-mentioned low-lying
parabolic bands, Nλ = 5 ZGR exhibits a local minimum point at E
c ∼ 1 eV, as shown
by the black arrows in Fig. 3f. The newly formed extreme points are clearly presented
by Nλ = 7, 9; 11, where they have four, five, and six critical points, respectively (arrows
in Figs. 3g-3i). It can be noticed that the critical points are obviously asymmetric about
EF = 0, where the Nλ = 11 ZGR shows six critical points in the conduction bands, but no
such points in the valence bands. As to the Nλ = 9 ZGR, a partially flat band comes into
existence at about 0.2 eV. A weaker energy dispersion is displayed by the Nλ = 11 ZGR.
A quasi-flat band appears at Ec ∼ 0.1 eV along ΓX, while the dispersion is parabolic along
ΓY, and thus this band is a composite band. These dramatic changes about both critical
points and energy dispersions mainly arise from the serious changes of the C-C bond length
and strong hybridizations of the orbitals in a large Cr.
The dramatic transformation of the low-energy band structure is clearly revealed in
the energy-wave-vector space. Both armchair and zigzag ripples exhibit the Dirac cone
structure at a low Cr, as shown in Figs. 4a and 4c separately corresponding to Cr = 0.09
for Nλ = 6 AGR and Cr = 0.05 for Nλ = 5 ZGR. Such a structure remains isotropic for the
former even at a high Cr, as displayed in Fig. 4b at Cr = 0.53. However, the latter exhibits
a distorted, destroyed or even shifted structure under a higher Cr. In the higher curvature
range 0.09 < Cr < 0.19, the conduction Dirac cones are distorted, while the valence ones
remain isotropic, as indicated in Fig. 4d at Cr = 0.10. Also, the energy band at about 0.4
eV (blue curve in Fig. 3b) is partially flat in the energy-wave-vector space (Fig. 4d). At
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high curvatures, the Dirac point disappears at EF = 0 being either destroyed (Fig. 4e at
Cr = 0.19) or shifted (Fig. 4f at Cr = 0.27). On the other hand, the band-edge states of
the two parabolic bands in Figs. 3c and 3d that belong to the saddle points or the local
maximum or minimum points are clearly displayed in Figs. 4e and 4f. These critical points
strongly depend on the magnitude of Cr. In all, the transformation between two distinct
band structures could be achieved by tuning the ripple curvature and the period, as seen,
for example, by the dramatic transformation between the Dirac cone structure and the
parabolic band (partially flat band) structure.
The variation of carrier density (∆ρ) is very useful to understand the charge bondings
of all orbitals and thus the low-energy band structures. ∆ρ is created by subtracting
the carrier density of an isolated carbon (hollow circle) from that of a graphene ripple as
illustrated in Figs. 5a-5d. The region between the crest and the trough of the ripple,
the enclosed rectangle in Figs. 5a and 5c, has a charge distribution similar to that of
flat graphene. ∆ρ clearly demonstrates that carbon atoms contribute their four valence
electrons to form various bonds, resulting in the reduced charge density near the atomic
site (region (I)). The planar 2s, 2px, and 2py orbitals induce strong σ bonds, leading to the
increased charge density between two atoms (dumbbell shapes in (II)). Moreover, all the
parallel 2pz orbitals form pi bonds, so that there are higher charge densities normal to the
surface (III). However, at crests and troughs of the ripple, the 2pz orbitals are asymmetric
about the curved surface, where ∆ρ is higher for the outer surface and lower for the inner
surface, the main cause for the variation of energy bands. Such charge distributions are
expected to provide an ideal chemical environment for hydrogen or lithium atoms to be
adsorbed,3−4 which shows great potential for energy storage.
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The strong non-uniform curvature effect is clearly revealed by the charge distributions at
the crests and troughs. The misorientation of 2pz orbitals and strong hybridization of four
orbitals, respectively, induces the extra σ bondings and the complicated pi and σ bondings.
As for AGRs, the armchair longitudinal structure causes two distinct charge distributions
along three nearest-neighbor directions, as seen in the carbon nanotube (detailed later in
Fig. 5e). In other words, there exist two different bond strengths (or bond lengths), which,
thus, results in two distinct nearest-neighbor hopping integrals from the point of view of
the tight-binding model. [50, 51] This is responsible for the shift of the Dirac point and
the variation of the Fermi velocity. Moreover, the higher-curvature AGR (Fig. 5b) shows
more significant changes of the charge distributions and the misorientation of 2pz orbitals
than a lower curvature one (Fig. 5a), as do the energy bands. On the other hand, a
ZGR possesses three distinct charge distribution for three C-C bond lengths or for nearest-
neighbor hopping integrals. Besides the misorientation effect at low curvature (Fig. 5c),
a ZGR also displays the strong covalent bondings associated with the four orbitals at the
crests and troughs when the curvature is sufficiently high ((IV) in Fig. 5d). Such strong
interactions are directly reflected in the formation of the critical points of the low-energy
parabolic bands (Fig. 3f), which largely enhance the density of states near EF = 0. In
short, both AGRs and ZGRs exhibit a misorientation and hybridization of atomic orbitals,
ZGRs in particular present these effects in a strong manner. The stronger covalent bondings
at crests and troughs of ZGRs well account for the distortion, shift, and destruction of the
Dirac cone band structure.
The low-lying energy bands of 2D AGRs (ZGRs) along the ΓY are similar to those of
1D armchair (zigzag) nanotubes, further illustrating the importance of orbital hybridiza-
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tion and misorientation. A carbon nanotube, which satisfies a closed periodic boundary
condition, has the 2pz orbitals arranged perpendicular to the cylindrical surface but not in
parallel to one another, so the curvature effect leads to small fluctuations of the hopping
integrals along different directions. [50, 51] The nearest hopping integrals of an armchair
(zigzag) nanotube are given by two (three) different values, a behavior similar to that of
AGRs (ZGRs). The (6,6) armchair nanotube possesses a band structure similar to that of
Nλ = 6 AGR, as shown by the dashed curve in Fig. 2a. There is a pair of linearly inter-
secting bands at the Fermi level and higher-energy parabolic bands. However, the Fermi
momentum and Fermi velocity are distinct in armchair nanotubes and AGRs due to the
uniform and non-uniform curvature effects at each atomic site. Moreover, zigzag nanotubes
and ZGRs both exhibit similar low-energy bands, as indicated by the dashed curve in Fig.
3e. A small band gap appears at the Fermi momentum [ky = 0] for a (5,0) zigzag nanotube,
and a similar result is shown by the high-curvature ZGRs. The most important difference
between AGRs (ZGRs) and armchair (zigzag) nanotubes in the middle-energy bands is that
the former are doublely degenerate, a result directly reflected in the cylindrical symmetry.
There exist certain important differences between the zigzag and armchair ripples. A
zigzag ripple exhibits three kinds of low-energy dispersions: intersecting linear bands, par-
tially flat bands, and parabolic bands, whereas the armchair ripple only possesses the first
kind. At a higher ripple curvature, the Dirac cone can be destroyed in zigzag ripples but
not in armchair ones. The feature-rich energy bands are attributed to various degrees of
the orbital misorientation and hybridization, which can be clearly illustrated by the charge
distributions. On the other side, ARPES experiments have been successfully used to mea-
sure the band dispersions of few-layer graphenes. With the same instrument, verifications
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can be performed on the middle-energy band splitting induced by the reduced rotational
symmetry and the two-dimensional, highly anisotropic low-energy bands caused by the
curvature effect.
The density of states (DOS) directly reflects the primary characteristics of the band
structures. The DOS in monolayer graphene (black curve in Fig. 6a) is zero at EF =
0, exhibits a linear ω-dependence at low energy, and possesses a symmetric logarithmic
divergent peak at ω ∼ ±2 eV. Such features, respectively, come from the Dirac point,
intersecting linearly bands, and the saddle points. For AGRs, there are no free carrier at
EF = 0 under various curvatures, owing to the hard-to-destroy Dirac point, as shown in
Fig. 6a. The linear DOS is enhanced with increasing ripple curvature, a direct reflection of
the reduced Fermi velocity. The split double peaks exist at middle energy, and gradually
separate further for higher curvatures. On the other hand, larger periods lead to the
decreased ω-dependence and a smaller splitting of middle-energy peaks, as a result of the
enhancement of the linear energy dispersions for the former and the weaker band splitting
of the parabolic band for the latter, as indicated in Fig. 6b.
The important differences between zigzag and armchair systems lie in the low-energy
DOS. ZGRs exhibit more low-lying peak structures at an increased curvature, as shown for
Nλ = 5 in Fig. 7a. The vanishing DOS at EF = 0 clearly illustrates that the ZGRs remain
gapless semiconductors when Cr < 0.19. A prominent peak comes into existence at about
0.5 eV as Cr exceeds 0.10 (blue curve), mainly owing to the partially flat bands. This peak
will move to a lower energy with the increment of curvature. However, the DOS becomes
finite at EF = 0, representing the existence of free carriers or semi-metallic characteristic
under higher curvature (Cr > 0.19). That is to say, the prominent peak of the saddle point
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moves very close to EF = 0 (green and purple curves). Moreover, there are some weak
peaks or shoulder structures at a slightly higher energy, which originate from composite
bands or the extreme points. In addition, the middle-energy peaks are suppressed and
gradually have a wider splitting at a larger Cr, a response associated with the parabolic
bands. For a larger period, a further increase of the peak number directly reflects the more
sophisticated band structures, as shown in Fig. 7b.
Both AGRs and ZGRs demonstrate certain important characteristics that are worth
comparing to the experimental results. The main features of the DOSs are partially in
agreement with those from the experimental measurements performed on graphene ripples
using STS. [28] Two kinds of measured energy spectra are observed in the dI/dV -V dia-
gram, one being in a V shape, and the other exhibiting some peaks at low energy. A clear
conclusion is not reached in this study, but our calculations deduce that the root cause
might arise from the distinct longitudinal structures. The V-shaped diagram is associated
with the DOS of AGR, which only reveals a linear ω-dependence without any special struc-
tures, while the latter possesses a prominent peak near EF = 0 and some weak low-lying
peaks, which are consistent with the DOS of ZGR. As to the deformation-induced quasi-
Landau levels, the previous work might present a linear relationship between the peak
energy and the square root of the effective quantum number. A similar linear fitting is
also obtained by our calculation, as done for the Nλ = 5 ZGR (inset in Fig. 7a). However,
the large periods (Nλ = 7, 9 and 11 in Fig. 7b) can induce an increase and an asymmetry
for the effective quantum numbers. For example, Nλ = 11 ZGR shows 5 positive effective
quantum numbers, while it reveals no negative ones. This asymmetry is not verified by
experiment measurements nor predicted in previous tight-binding calculations. [28,42] The
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feature-rich DOS can be further examined by STS measurements. [52–54]
The special charge distribution of carbon atoms at the curve surface can provide a
suitable environment for chemical bondings, a prerequisite for the drastic change of the
electronic properties. For example, Nλ = 6 AGR can be doped with two stripes of oxygen
atoms at the crest and trough of the ripple. The oxygen atoms and the carbon atoms
form strong covalent bonds so that the characteristics of pi-bonds in pure carbon systems
are completely destroyed. The four orbitals re-hybridize considerably, and there is no
way to distinguish the contribution of pi or σ bonds. Rippled graphene oxide displays a
direct band gap at about 1.4 eV (see Fig. S1b, Supporting Information). This band gap
originates mainly from the introduction of oxygen atoms, as indicated by the blue circle.
The semiconducting behavior induced by surface engineering shows potential promise for
applications in field-effect transistors and photocatalyst materials.
4. Conclusion
In summary, the geometric and electronic properties of graphene ripples are investi-
gated by ab initio density functional theory calculations. Different corrugation directions,
curvatures and periods are considered to exhibit different chemical and physical proper-
ties, and strongly change the optimized geometric structures, charge distributions, energy
bands, and DOS. The misorientation and hybridization of carbon orbitals are associated
with a variation in bond lengths and carrier densities, and are the causes for the dramatic
changes in the electronic structure. The revelation of the band structures is highlighted
by the two-dimensional highly anisotropic energy bands, the absence or existence of linear
dispersions, newly formed critical points, and the split middle-energy states. The former
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three are directly induced by the special charge bondings on the crests and troughs of the
ripples, which behave very differently for AGRs and ZGRs, while the last one originates
from the reduced rotational symmetry. Moreover, the similarity between graphene ripples
and carbon nanotubes can be explained by the curvature effect. The predicted band dis-
persions could be further measured by ARPES. As for DOS, the semimetal-semiconductor
transitions, the increasing number of low-lying peaks, and the splitting middle-energy peaks
are, respectively, owed to the highly anisotropic saddle structure near EF = 0, the appear-
ance of local minimum or maximum points, and the split parabolic bands. These more
sophisticated features can be further tested by the STS measurements. Our results suggest
a route to distinguish specific types of graphene ripples obtained in STS experiments, and
could be further reinforced by future ARPES experiments. The corrugated ripple struc-
tures are very suitable for chemical doping and engineering, and the tunable electronic
properties might be potentially important for applications in nanoelectronic devices and
energy storage.
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Figure 1: Geometric structures of (a) armchair and (b) zigzag ripples. (c) Side view of the
graphene ripple with the rippling period denoted by l and the amplitude by h. (d) The
rectangular first Brillouin zone of graphene ripple.
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Figure 2: Energy bands of armchair graphene ripples with various (a) ripple curvatures
and (b) periods.
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Figure 3: Energy bands of a zigzag graphene ripple along the (a)-(d) ΓX and (e) ΓY direc-
tion. (f)-(i) Energy bands for the critical ripple curvature with increasing ripple periods.
25
Figure 4: Energy bands in energy-wave-vector space for armchair graphene ripples at (a)
Cr = 0.09 and (b) Cr = 0.53, and zigzag ripples at (c) Cr = 0.05, (d) Cr = 0.10, (e)
Cr = 0.19, and (f) Cr = 0.27.
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Figure 5: Charge distribution of armchair graphene ripples at (a) low and (b) high curva-
tures, and zigzag graphene ripples at (c) low and (d) high curvatures.
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Figure 6: Density of states of armchair graphene ripples with various (a) ripple curvatures
and (b) periods.
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Figure 7: Density of states of zigzag graphene ripples with various (a) ripple curvatures
and (b) periods.
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